Abstract: Thiosemicarbazones possessing electron donating and withdrawing groups were prepared and their spectral characteristics determined. In all cases the spectra showed one isomer was formed, allowing further functionalization to molecules of biological interest. We provide NMR data for some of the thiosemicarbazones and semicarbazones. We also provide evidence that for 2-pyridyl thiosemicarbazone, the syn isomer slowly converts into the anti isomer in DMSO solvent with first order kinetics. Molecular modeling and DFT calculations confirmed these observations.
groups in the structure of the molecule. The remaining infrared spectral bands are assigned to the phenyl group in the structure of the molecule.
The proton and carbon NMR spectra contained only one set of peaks consistent with either an anti or syn isomer. An alternative possibility is that there was an equilbrium between the syn and anti isomers which was fast on the NMR time scale resulting in an average chemical shift being observed. Table 1 shows the proton chemical shift values observed for thiosemicarbazones containing electron withdrawing and electron donating groups on the aromatic ring as well as few semicarbazones. The trifluoromethyl group was chosen specifically to investigate the influence on proton chemical shifts due to its electron withdrawing nature. Benzaldehyde thiosemicarbazone (compound 1) was chosen as a standard for analyzing the variation in the chemical shift values between substituted and un-substitued thiosemicarbazones. The values in Table 1 provide evidence of an upfield shift of the protons relating to electron-donating groups such as OH and NMe2.
Electron-withdrawing groups displayed the opposite trend in keeping with the dependence between chemical shifts and the Hammett sigma values of the corresponding subsitutent groups.
The NH2 protons of the thiosemicarbazones, which are far removed from the substituents on the phenyl ring, are slightly affected due to the extended conjugation in the molecule. This group appeared as two singlets demonstrating that the protons were magnetically different due to restricted rotation about the N-C bond. These thiosemicarbazones can be alkylated to exclusively obtain only the S-alkylated product, providing additional evidence regarding the charge associated with the sulfur atom compared to the amino group [20] [21] [22] [23] [24] [25] . This NH2 group in the semicarbazones normally shows as a broad singlet with the protons being indistinguishable.
Considering the change in the chemical shift with different substituents, in compounds containing electron-donating groups, the two NH2 protons showed a value of roughly -0.20 ppm upfield from the unsubstiuted benzaldehyde thiosemicarbazone. The same protons were shifted downfield by approximately +0.15 ppm in compounds with electron withdrawing substituents. The bromo substituted compound (6) showed only a small change of +0.05 ppm. The most significant effect on chemical shift was observed in pyridyl thiosemicarbazones especially with the nitrogen atom in the 11 position of the ring (+0.54ppm). The rationale for changes observed with the substituents is the resonance/inductive and polarization effects of individual groups attached to the phenyl ring of the molecule.
The chemical shift observed for the NH protons (H3) with substituents, showed an upfield shift of approximately -0.20 ppm with electron donating groups and a downfield to the same extent (+0.25ppm) with electron withdrawing groups. However compound 6, containing a meta bromo substitution, showed only a marginal change (+ 0.12ppm). The highest change in the chemical shift value was observed for compound 7 which contains double substituents such as fluorine and the trifluoromethyl group in the phenyl moiety.
Examination of chemical shift of the CH protons (H5) of the thiosemicarbazones revealed that except for compounds 4 and 7, all other derivatives showed only a marginal change in their chemical shift valuesirrespective of the substituents. The most electron withdrawing groups such as CF3 caused a strong downfield shift for this proton. This is expected because electron withdrawing groups withdraw the electron density from the CH group through resonance causing this proton to shift downfield (+0.38 ppm).
The effect of electron donating groups was only marginal in the range of +0.10 ppm. The ortho protons (H7) in the phenyl ring showed a change in the chemical shift value of -0.20 ppm for the electron donating groups while the value was between -0.02 to +0.39 ppm for electron withdrawing groups. The meta proton (H8) was considerably affected by both electron withdrawing and donating groups. Compound 8, which contains a pyridyl moiety, showed an enormous change in the chemical shift of +1.19 ppm, which is attributed to the presence of a nitrogen instead of a carbon atom in the structure of the thiosemicarbazone. This is also seen in compound 9 with a nitrogen atom in position 11 instead of a carbon atom. Table 1 Similarly the NH2 group nitrogen chemical shift followed a uniform trend as described above. The observed nitrogen chemical shifts for several of the thiosemicarbazones were consistent with those reported in the literature for thiosemicarbazones of similar structure [26] . Syn and anti isomerism: Semicarbazones, thiosemicarbazones, phenyl hydrazones and oximes have the unique capability of forming syn and anti isomers. Generally a mixture of isomers is synthesised. An example of syn and anti isomers of a thiosemicarbazone is shown in Scheme 2 It is evident from the above illustration that in the (E) or anti isomer, the chemical environment of the NH proton (H3) is different to that for the (Z) or syn isomer. This is due to the proton of the NH group being in closer proximity to the aromatic protons for the syn isomer compared to the anti isomer [27] . The NMR spectra for all the compounds reported in our study showed only one set of peaks, demonstrating the preferential formation of one isomer over the other or a fast exchange between the two isomers. Based on the chemical shift values we propose that all the compounds in Tables 1 and 2 exist in an anti isomer configuration.
To examine whether it is viable to synthesise any of the compounds in the present study as the syn isomer, the anti isomers were refluxed in methanol using silica gel as a catalyst [27] .Thin layer chromatography revealed that only compound 9 formed the syn isomer. A fresh sample of the syn isomer of compound 9 was prepared and dissolved in DMSO-d6 and the proton NMR acquired. The NMR spectrum showed a peak at 14 ppm, consistent with previous observations. [26, 27] The chemical shift for the NH protons and the aromatic moiety differs between isomers. The downfield shift of the NH protons for the syn thiosemicarbazone is consistent with hydrogen bonding between the NH groups and the aromatic nitrogen. The 1 H spectrum was acquired at different times over an 18 hour period. The peak at 14 ppm (H3, syn) decreased in intensity with a corresponding increase in the peak at 11.6 ppm (H3, anti). A plot of the formation of the anti isomer in Figure 1 follows a first order rate equation with a rate constant of 2.4x10 -3 /min. Figure 2 compares the starting 1 H NMR spectrum, the corresponding spectra approximately half way through the conversion and the final spectrum of the anti compound and Figure 3 shows a 13 C HSQC at approximately 50% conversion showing the two isomers. Molecular modeling was performed for compounds 8, 9 and 11 since compounds 8 and 9 were thiosemicarboazones which differed in the position of the aromatic nitrogen and compounds 9 and 11 had the same aromatic nitrogen but were a thiosemicarbazone and a semicarbazone respectively.
( Figure 4 ). The compounds were initially investigated by a Monte Carlo conformational search (MacroModel, Schrodinger [30] ) and the conformations with 3 kcal/mol were then further optimized using DFT calculation (Gaussian 09 [31] ) with the inclusion of the polarizable continuum model (IEF-PCM) and solvent model for DMSO. For compound 9, the syn and anti isomers had two different conformations with the lowest energy syn isomer (planar conformation) being 0.2 kcal/mol lower energy compared to the lowest anti isomer (planar conformation). The alternate conformation was much higher in energy. Compound 8 only had one conformation for each isomer due to the symmetery of the molecule. Both isomers were examined by DFT which showed that the anti isomer was about 5.3 kcal/mol lower energy than the syn isomer explaining why only the anti isomer was formed. The syn isomer was not planar due to steric interactions from the protons H7 and H11. Like compound 9, each isomer of compound 11 had 2 different conformations. In changing from a thiosemicarbazone to a semicarbazone, the energy difference between isomers was reduced but the anti isomer had the lower energy by 0.08 kcal/mol, in contrast to compound 9. Both isomers were of planar conformation in their lowest energy structures. The molecular modeling results are in keeping with our experimental observations of conversion of the syn isomer of compound 9 back to the anti isomer over time. We propose the following mechanisms for the conversion of the syn isomer to the anti isomer of compound 9 (Scheme 3). In the first mechanism initially there is a proton transfer from N3 to N11, which is immediately followed by a bond rotation around N4-C5. This is followed by rearrangement of the proton from N4 back to N3. The anti isomer is trapped, explaining why we observe all the syn isomer converting to the anti isomer. Although this mechanism is feasible based on the H-3 chemical shift observed in the spectra, an alternative mechanism based on the literature report of Hauser et al. [34] suggests that acid catalyzed reaction of oximes follows the formation of carbo cation and rotation rotation of the single bond which results in isomerization.
In summary, we have synthesized several thiosemicarbazones containing electron donating and withdrawing groups and have fully analyzed their structure using NMR. We have demonstrated that all compounds in the present study exist as anti isomers. The anti isomer of 2-pyridyl thiosemicarbazone (compound 9) can be converted to the syn isomer with prolonged heating with silica gel in methanol. However, the syn isomer was not stable in protoic solvents and slowly converted back to the anti isomer.
Experimental:
All the chemicals were obtained from Aldrich Sigma and were used without further purification.
NMR spectra were recorded in dimethylsulfoxide and the chemical shifts for protons are reported relative to DMSO at 2.5 ppm. The NMR data were acquired on a Bruker 900 MHz NMR spectrometer equipped with a cryoprobe. The proton spectra where acquired with a sweep width of 18 ppm centered at 7 ppm. The carbon spectra were acquired with a sweep width of 220 ppm centered at 110 ppm. The COSY experiment were acquired with a sweep width of 18 ppm using a 90° pulse of 9 µs with 256 increments respectively. The 13 C HSQC spectrum was acquired with sweep widths of 18 and 160 ppm for proton and carbon respectively and the carbon centered at 80
ppm. Additionally HMBC spectral data was also acquired to establish the structures of the compounds ( 13 C sweep width of 220 ppm). The raw data was usually multiplied by an exponential or shifted sine squared function before performing the Fourier transform. UV/ Vis spectra were obtained from a Lambda UV spectrometer using chloroform as solvent. Infrared spectra were taken on KBr disc on a Lambda FTIR spectrometer.
General procedure for synthesis of compounds:
The appropriate aldehyde (0.05 mol) thiosemicarbazone (0.025 mol), anhydrous sodium acetate (2.0g), ethanol (20 ml) and water (20ml) were stirred for 10 minutes. After this period, concentrated hydrochloric acid (0.5 ml) was added and the mixture was stirred when a clear solution resulted and was allowed to stir over night. The precipitate was filtered and washed with ethanol and dried under vacuum. Further purification was achieved by crystallization from methanol.
Conversion of (E) isomers to (Z) isomers:
The respective thiosemicarbazones (0.5g) and silica gel (2.5 g Merck, 60 micron) were added to methanol (30 ml). The contents were allowed to reflux for 6 hours and the solution was cooled and the mixture filtered. The solvent was removed to obtain a solid, which was extracted with a hot mixture of ethyl acetate and methanol. Subsequently, the ethyl acetate/methanol solvent mixture was evaporated and the resultant solid was subjected to column chromatography using ethyl acetate to furnish both (E) and (Z) isomers. The fast moving fractions containing (Z) isomer was pooled together after a TLC analysis and solvent was evaporated to yield pure (Z) isomer (~20% yield). All compounds other than compound 9, did not produce any syn isomer on prolonged heating.
Molecular Modeling:
Monte Carlo Conformational searching was performed using Macromodel v10.0 (Schrodinger, New York) [30] for syn and anti isomers. Torsional sampling (MCMM) was performed with 1000 steps per rotatable bond. Each step was minimised with the OPLS-2005 force field using the TNCG method with maximum iterations of 50,000 and energy convergence threshold of 0.02. All other parameters were left as the default values. The lowest energy conformations (< 3 kcal/mol from global minimum, were further optimised using DFT calculations in Gaussian [31] (B3LYP/6311+G(d,p), with DMSO solvent).
Physical constants of compounds:
(1) Benzaldehyde thiosemicarbazone [ Captions:
Scheme 1: Synthetic scheme for preparation of substituted thiosemicarbazones and semicarbazones Scheme 2: Anti and Syn isomer structure of thiosemicarbazones Scheme 3. Proposed mechanism for the slow conversion of the syn isomer to the anti isomer of compound 9. Thiosemicarbazones were prepared and their spectral characteristics determined. In all cases the spectra showed one isomer was formed. NMR data for the thiosemicarbazones were compared to semicarbazones. We show that for 2-pyridyl thiosemicarbazone can be isolated as the syn isomer which slowly converts into the anti isomer in DMSO solvent. 
